Abstract Ischemia is a condition associated with decreased blood supply to the brain, eventually leading to death of neurons. It is associated with a diverse cascade of responses involving both degenerative and regenerative mechanisms. At the cellular level, the changes are initiated prominently in the neuronal cytoskeleton. Cofilin, a cytoskeletal actin severing protein, is known to be involved in the early stages of apoptotic cell death. Evidence supports its intervention in the progression of disease states like Alzheimer's and ischemic kidney disease. In the present study, we have hypothesized the possible involvement of cofilin in ischemia. Using PC12 cells and mouse primary cultures of cortical neurons, we investigated the potential role of cofilin in ischemia in two different in vitro ischemic models: chemical induced oxidative stress and oxygen-glucose deprivation/reperfusion (OGD/R). The expression profile studies demonstrated a decrease in phosphocofilin levels in all models of ischemia, implying stress-induced cofilin activation. Furthermore, calcineurin and slingshot 1L (SSH) phosphatases were found to be the signaling mediators of the cofilin activation. In primary cultures of cortical neurons, cofilin was found to be significantly activated after 1 h of OGD. To delineate the role of activated cofilin in ischemia, we knocked down cofilin by small interfering RNA (siRNA) technique and tested the impact of cofilin silencing on neuronal viability. Cofilin siRNA-treated neurons showed a significant reduction of cofilin levels in all treatment groups (control, OGD, and OGD/R). Additionally, cofilin siRNA-reduced cofilin mitochondrial translocation and caspase 3 cleavage, with a concomitant increase in neuronal viability. These results strongly support the active role of cofilin in ischemia-induced neuronal degeneration and apoptosis. We believe that targeting this protein mediator has a potential for therapeutic intervention in ischemic brain injury and stroke.
Introduction
Ischemic stroke is a neurodegenerative disease characterized by the sudden death of neurons in the brain due to inadequate blood flow. The current drug therapy approved by the US FDA for its treatment is tissue plasminogen activator (tPA), which mainly functions to dissolve the blood clots and clear the obstruction for resumption of the blood flow to the brain. This therapy is for immediate restoration of the blood flow, but the aftermath of pathology associated with the ischemic cascade requires attention [1] .
Besides neurotoxicity, calcium overload, and free radical damage, neurocytoskeletal degeneration is another important pathway involved in the progression of events following acute brain injury. The cytoskeleton, which is a dynamic structure in the cell, is composed of a filamentous network rendering homeostasis functions in the cell by maintenance of cell shape, cell movement, cell replication, apoptosis, cell differentiation, and cell signaling [2] . Actin is an essential and abundant protein of the cytoskeleton; its dynamics are regulated by actin binding proteins, among which is the ubiquitous ADF/Cofilin (AC) family of proteins. The central function of the AC family is to maintain the rapid recycling of G-actin monomers by severing filamentous actin (F-actin) into short segments and creating free barbed ends for actin elongation associated with membrane ruffling, cytokinesis, and development of growth cones [3] . AC protein binding to actin is inactivated by phosphorylation at Ser 3 (LIM kinases) and reactivated through dephosphorylation by the phosphatase slingshot or chronophin [4] .
The levels of AC proteins and their binding to actin are highly dependent on the energy potentials of the cell. In conditions of ATP depletion, cofilin rods are found to be predominant in the cell as an energy conservation mechanism, which, over extended periods, can eventually lead to pathological states and cell death [5] . Cellular-stress-initiated formation of cofilin actin rods was found to be a key element in the progression of neurodegeneration in Alzheimer's and ischemic kidney disease [6] . Abnormal aggregates of cofilin were found in β-amyloid plaques and tau tangles [7] . During oxidative stress, cofilin is observed to translocate to mitochondria and induce the release of cytochrome C, initiating apoptotic cell death [8] . The involvement of actin cytoskeletal mediators, in particular cofilin, is not clear in ischemic conditions where ATP depletion is predominant.
In the present study, we hypothesized the possible involvement of cofilin in cytoskeletal induced neurodegenerations in ischemic conditions. To study our hypothesis, we have analyzed the expression pattern of cofilin and its role in cytoskeletal alterations using two types of cells (PC12 and primary cultures of cortical neurons) and two in vitro models of ischemia (chemical induced ischemia and OGD/R). Using PC12 cells, we tested the impact of ischemia on cofilin activation by dephosphorylation using specific and nonspecific phosphatase inhibitors. In primary cultures of cortical neurons, we tested the impact of ischemia on cofilin activation status using the OGD/R model of ischemia. Additionally, we inhibited cofilin activity using cofilin1 small interfering RNA (siRNA) and then tested the impact of cofilin knockdown on neuronal survival during OGD.
Experimental Procedures

PC12 Cell Growth and Differentiation
PC12 cells (ATCC, Manassas, VA, USA) were seeded at a population density of 0.05×10 6 cells onto poly-l-lysinecoated 6 cm Petri dishes. After 24 h of plating the cells, growth medium (RPMI with 1 % penicillin-streptomycin, 10 % fetal bovine serum, and 5 % horse serum) was replaced with serumfree differentiating medium Dulbecco's modified Eagle's medium (DMEM, HyClone, Thermo scientific, West Palm Beach, FL, USA) supplemented with 1 % penicillin-streptomycin and 100 ng/ml nerve growth factor (NGF). The medium was replaced every 2 days with fresh differentiating medium, and the cells were cultured for a period of 7 days to allow the cells to completely transform into differentiated neuronal cells.
Primary Cortical Neuronal Cultures
Mouse primary cultures of cortical neurons were extracted according to a protocol mentioned previously, with minor modifications [9] . Briefly, pregnant mice on gestational days 15-17 were killed by CO 2 overdose, and fetuses were collected in cold Hanks' balanced salt solution (HBSS) medium (Fisher Scientific, Hanover Park, IL, USA). The fetal brains were removed, and the cortices were dissected and collected in cold HBSS. The cells were dissociated from the tissue by pipetting up and down 5-10 times. Cells were spun down at 500×g for 3 min at 18°C, the supernatant was removed, and cells were resuspended in neurobasal medium (Invitrogen, Carlsbad, CA, USA) containing penicillin and streptomycin (50 U/ml of medium), glutamine (0.5 mM), and 2 % B27 serum-free supplement (Invitrogen, Carlsbad, CA, USA). Then, the cells were counted in trypan blue and plated in poly-l-lysine (0.1 mg/ml)-coated plates at a density of 2×10 5 neurons/well in a 24-well plate, 1×10 6 neurons/well in 6-well plate, and 2×10 6 neurons/60 mm plate. Cell cultures were maintained at 37°C in 95 % air and 5 % CO 2 . At day 2 in vitro (DIV 2), neurons were treated with cytosine β-Darabinofuranoside (Sigma-Aldrich, St. Louis, MO, USA) at a 5-μM concentration for 24 h to curb glial cell growth.
Treatment with Stressor (Tertiary Butyl Hydroperoxide) Undifferentiated PC12 cells plated at a density of 0.8×10 6 were subjected to different concentrations of t-butyl hydroperoxide (t-BuOOH) such as 60, 100, and 200 μM for a time period of 1 h. Briefly, after 24 h of plating, the medium was replaced with fresh medium, and the stressor was added to the medium. The cells were then harvested, and the protein expression pattern was studied using immunoblotting.
Oxygen-Glucose Deprivation and OGD/Reperfusion Models of Ischemia and Inhibitor Treatments
In this in vitro ischemia model, the growth medium of the cells was replaced with medium lacking glucose (HBSS phenol red medium) and placed in a chamber that was rendered anaerobic by a sachet containing ascorbic acid (AnaeroGenTM, OXOID, Germany) [10] . Resazurin, an anaerobic indicator (OXOID, Germany) sensitive to changes in oxygen levels, was placed in the chamber and the lid of the chamber was tightly closed and placed in the incubator at 37°C. The complete lack of oxygen in the chamber is indicated by the change in the color of the indicator from pink to white, and the onset time for oxygen-glucose deprivation (OGD) was recorded. In the OGD model, cells were subjected to OGD only for 1 h, whereas for OGD/reperfusion (OGD/R), cells were subjected to OGD for 1 h followed by reperfusion for 24 h. Differentiated PC12 neuronal cells were cultured on coverslips in six-well dishes at a cell density of 0.03×10 6 and were subjected to different treatments: inhibitor pretreatments (sodium vanadate for 2 h, FK-506 for 1 h) and stressor treatments, i.e., t-BuOOH for 1 h and OGD for 1 h in each individual set of experiments.
MTT-Cell Viability Assay
Cell viability was determined using the 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) assay we used previously [11] . Briefly, cells (PC12 cells and primary cultures of cortical neurons) were incubated with MTT reagent (Promega Corporation, Madison, WI, USA) for 3 h in 5 % CO 2 at 37°C. After that, the solubilizing solution/stop mix was added to dissolve formazan crystals. Viable cells were quantified by measuring the absorbance at 570 nm.
Immunocytochemistry
Differentiated PC12 neuronal cells were fixed using 4 % paraformaldehyde and treated with 0.3 % of Triton X-100. Primary antibodies-rabbit anti-phosphocofilin, anti-cofilin (1:100; Abcam, Cambridge, MA, USA)-were incubated overnight at 4°C. Texas red-labeled donkey anti-rabbit secondary IgG antibody (1:400; Jackson ImmunoResearch, West Grove, PA, USA) was used at room temperature for 1 h. Staining of F-actin in the cells was carried out using one unit of phalloidin (Invitrogen, Carlsbad, CA, USA). After rinsing with PBS, the coverslip was mounted with DAPI (Santa Cruz Biotechnology, Santa Cruz, CA, USA) over the glass slide, and the gap was sealed.
Subcellular Fractionation and Western Blotting
To obtain subcellular fractions, we used the protocol developed by Dimauro et al. [12] , with some modifications. Briefly, primary cultures of cortical neurons were harvested using icecold lysis buffer [250 mM sucrose, 1 mM EDTA, 1 mM EGTA, 1.5 MgCl 2 , 10 mM KCl, 20 mM HEPES (pH 7.5), 1 mM dithiothreitol (DTT), 0.1 mM phenylmethylsulfonyl fluoride (PMSF), 50 mM NaF, 10 mM Na vanadate, 20 mM Na pyrophosphate and protease inhibitor cocktail (Thermo Scientific)]. Cell homogenates were kept on ice for 15 min and then centrifuged at 1000×g for 15 min to sediment nuclear pellets. The resultant supernatant was collected and recentrifuged at 11,000×g for 20 min to sediment mitochondrial pellets. Nuclear pellets were resuspended in NET buffer [20 mM HEPES pH 7.9, 20 % glycerol, 0.5 M NaCl, 1.5 mM MgCl 2 , 1 % Triton-X-100, 1 mM DTT, 0.1 mM PMSF, 50 mM NaF, 10 mM Na vanadate, 20 mM Na pyrophosphate, and protease inhibitor cocktail (Thermo Scientific)], whereas mitochondrial pellets were suspended in SOL buffer (50 mM Tris-HCl pH 6.8, 1 mM EDTA, 0.5 % Triton-X-100, protease, and phosphatase inhibitors). Both nuclear and mitochondrial suspensions were kept on ice for 30 min with intermittent shaking and then centrifuged at 9000×g for 30 min to obtain nuclear and mitochondrial fractions, respectively.
Protein concentrations were determined using Bradford reagent (Bio-Rad Laboratories, CA, USA), and samples were analyzed by loading equivalent amounts of protein (2-25 μg) onto 10-15 % SDS-polyacrylamide gels. Proteins separated on the gels were transferred onto a pretreated PVDF membrane and were blocked with 3 % BSA for 1 h to prevent nonspecific binding. The membrane was then incubated overnight at 4°C with the following primary antibodies: rabbit anti-phosphocofilin and anti-cofilin (1:1000), rabbit anti-actin . Following the incubation, the blots were washed and incubated with horseradish peroxidase (HRP) conjugated goat anti-rabbit or anti-mouse secondary antibody (1:6000; Jackson ImmunoResearch) for 1 h at room temperature. Actin, α-Tubulin, and GAPDH were used as a loading control for cytosolic proteins, histone H3 for nuclear proteins, and COX IV for mitochondrial proteins. The images were analyzed using Adobe Photoshop and Image J software.
Cofilin siRNA Neuronal Transfection
Cofilin1 siRNAwith sequence 5′AGGAGAUCCUGGUAGG AGAtt 3′ was ordered from Ambion (Life Technologies, Carlsbad, CA, USA). At DIV 4, neurons were transfected with cofilin1 siRNA at different concentrations for 72 h using the SilenceMag transfection reagent (OZ Biosciences San Diego CA, USA ) and following the manufacturer's instructions. Briefly, in one set of microtubes, siRNA was diluted at different concentrations with OPTI-MEM serum reduced medium (Life Technology). In another set of microtubes, SilenceMag transfection reagent was added at different amounts depending on the final concentrations of siRNA required. Then, diluted siRNA solution was added to the SilenceMag tube and mixed immediately four to five times by vigorous pipetting followed by incubation for 20 min at room temperature. The formed complexes (siRNA and SilenceMag) were added drop by drop directly onto the cells, and the cell culture plate was placed on the magnetic plate for 15 min in the incubator. After that, the magnetic plate was removed, and the cell culture plate was kept in the incubator. In OGD experiments, neurons were transfected for 72 h (DIV 7) and then subjected to 1 h of OGD, whereas in OGD/R experiments, neurons were subjected to 48 h transfection (DIV 6) followed by 1 h OGD and then 24 h of reperfusion. At the end, all neurons were tested at DIV 7, where some of them were harvested for Western blotting, and the rest were tested for viability using MTT assay.
Statistical Analysis
The experimental results are expressed as the mean±SEM and are accompanied by the number of observations (independent preparations of cultured cells). ANOVA test was used to compare the control group to different treatment groups. Additionally, Student's unpaired t test was used to determine significant differences between the control group (scrambled siRNA) and the cofilin1 siRNA treatment group. A value of p<0.05 was considered to be statistically significant.
Results
Effect of Cofilin Against t-BuOOH-Induced Oxidative Stress in PC12 Cells
In our first study, we investigated changes in the expression levels of the inactive form of cofilin (phosphocofilin) in Fig. 1 Oxidative stress and OGD-induced changes in phosphocofilin expression. a PC12 cells were subjected to treatment with 60, 100, and 200 μM concentrations of t-BuOOH for 1 h, and the protein expression levels were evaluated. Representative blot shows phosphocofilin expression, which was found to be significantly decreased with increasing concentration of t-BuOOH. c Representative blot shows phosphocofilin, total cofilin, and actin expression pattern at 30 min, 1 and 4 h of OGD using differentiated PC12 neuronal cells. Time course study demonstrated the dephosphorylation of phosphocofilin occurring with increasing periods of stress. The decline in the phosphorylated form initiated within 1 h of OGD, followed by a complete decline within 4 h of OGD. b, d Graphs represent the densitometric analysis values normalized with actin and the ratio of phosphocofilin to total cofilin levels plotted against treatment groups. e Representative immunofluorescence pictures show that cofilin (stained red) is colocalized with the F-actin filaments, predominantly in the cell periphery and cytoplasm of differentiated PC12 neuronal cells. After OGD, most of the actin filaments were rigid and degraded. The areas with white arrows show cofilin prevalence in aggregated actin filaments. Scale bar is 10 μm. Experiments were performed thrice with separate batches of cells, and the graphs are the cumulative results of three different experiments. Data are expressed as mean ± SEM, where p<0.05 was considered significant. *vs control cultured PC12 cells in response to t-butyl hydroperoxide (tBuOOH)-induced oxidative stress. The rationale for using tBuOOH in our first series of experiments was to evaluate cofilin expression changes during oxidative stress, which is the main component of ischemic cascade and results in ATP depletion and eventual cell death by inducing mitochondrial permeability transition, reactive oxygen species (ROS), mitochondrial NAD(P)H oxidation, increased mitochondrial free Ca 2+ , intramitochondrial generation of ROS, and mitochondrial depolarization and inner membrane permeabilization [13] . PC12 cells were exposed for 1 h to different concentrations of t-BuOOH 60, 100, and 200 μM. As cofilin is regulated by phosphorylation to an inactive form, phosphocofilin, the levels of cofilin were studied and interpreted in terms of changes in the phosphocofilin expression. The expression of phosphocofilin was found to be significantly decreased with exposure to higher concentrations of t-BuOOH (Fig. 1a, b) . Total cofilin expression was unchanged in all the treatment groups. The expression pattern of the ratio of phosphocofilin to total cofilin was plotted against the treatment groups. The results suggest that cofilin plays an important role in conditions associated with oxidative stress. Fig. 2 Phosphocofilin and cofilin protein expression and cell viability were restored in differentiated PC12 neuronal cells pretreated with inhibitors. Differentiated PC12 cells were pretreated with nonspecific phosphatase inhibitor (1 mM Na 3 VO 4 ) for 2 h and then subjected to 1 h of OGD. a Representative blot shows a decrease in phosphocofilin expression with OGD and a remarkable restoration of its levels with inhibitor pretreatment. Actin was used as a loading control for densitometric analysis. c Differentiated PC12 neuronal cells were assayed for cell viability during OGD conditions. The assay results display a decreased percentage of metabolically active cells during OGD. The inhibitor pretreatment was able to restore cell viability when compared to OGD only. The values were expressed as a percentage of control, and data were expressed as mean±SEM of three independent experiments. b Graphs represent the cumulative data of three experiments conducted on separate batches of cells. d Representative fluorescence pictures show nucleus stained with DAPI (blue color), F-actin filaments stained with phalloidin (green), and phosphocofilin stained with Texas red (red). The top panel shows the control followed by OGD and inhibitor-pretreated differentiated PC12 neuronal cells in the middle and lower panels. The right column shows the merged overlay of all figures. The fluorescence imaging clearly illustrates that the inhibitor pretreatment restored the phosphocofilin levels in the nucleus, which were decreased with OGD. Scale bar is 10 μm. Data are expressed as mean±SEM, where p<0.05 was considered significant. *vs control; # vs 1 h of OGD Oxygen-Glucose Deprivation Induced Changes in Phosphocofilin Expression Levels After initial success with PC12 cells and oxidative stress, we further investigated the role of cofilin in differentiated PC12 cells in a more physiologically relevant environment of ischemic conditions, i.e., the in vitro model of oxygen-glucose deprivation (OGD). Differentiated PC12 neuronal cells were subjected to different durations of OGD (0.5-4 h), and the protein expression pattern was studied. A gradient decrease in the phosphocofilin expression was observed with increasing periods of OGD. There were no discernible changes in the total cofilin levels, clearly indicating that the dephosphorylation is an activation process in hypoglycemic and hypoxic stress conditions, not a cellular degradation mechanism. Phosphocofilin dephosphorylation was initially unchanged at 30 min of OGD, followed by a steep decline with 1 h and highly significant dephosphorylation at 4 h of OGD (Fig. 1c, d) . The results provide further proof of concept for the involvement of cofilin in ischemic injury. To study morphological changes in cofilin expression, we used fluorescence microscopy and observed that phosphocofilin was localized in the nucleus. With the help of fluorescein isothiocyanate (FITC) staining, cofilin was found prominently co-localized in the F-actin filaments and expressed in the cell periphery, cytoplasm, and neurite extensions (Fig. 1e) .
Effect of Nonspecific Tyrosine Phosphatase Inhibitor (Na 3 VO 4 ) on the Phosphocofilin Expression and Cell Survival Against Oxygen-Glucose Deprivation Sodium orthovanadate (Na 3 VO 4 ), a nonspecific tyrosine phosphatase inhibitor, was employed to target the broad range of phosphatases, based on the hypothesis about their involvement in the activation of cofilin, which led us to study the outcomes of cofilin activation and inhibition. Cells were preincubated with 1 mM Na 3 VO 4 for 2 h and then subjected to OGD for 1 h duration. Western blot analysis indicated significant restoration of phosphocofilin levels with inhibitor pretreated cells during OGD, when compared to untreated cells (Fig. 2a, b) . Inhibitor pretreated neurons did not exhibit any cell death demarcations, suggesting that the inhibitor by itself, comparable to the control, does not have a deleterious effect on cell viability. Inhibitor pretreatment for 2 h followed by OGD exposure showed significant restoration of cell viability against OGD-induced stress, suggesting the importance of phosphocofilin expression on cell viability (Fig. 2c) . To further our understanding on the morphological changes in phospho-and total cofilin during OGD and with inhibitor treatment, immunofluorescence analysis was used. Immunofluorescence analysis revealed that within 1 h of OGD, the levels of phosphocofilin in the nucleus were found to be decreased, but the inhibitor pretreated group displayed a restored level, which was consistent with the Western blotting data. Ischemic stress-induced destruction of F-actin filaments was depicted from decreased FITC staining. Upon close observation of the morphology of the filaments, rigidity and intense staining at the filament ends was noticed, suggesting the aggregation of severed actin filaments. Cofilin was found to be localized to these aggregated filaments. This supports our hypothesis that cofilin enhances actin severing activity in stress conditions (Fig. 2d) .
Calcineurin Dephosphorylates Cofilin During OGD
Calcineurin is a calcium-dependent serine threonine phosphatase involved in dephosphorylation and activation of various proteins and enzymes. In particular, Ca 2+ -induced cofilin dephosphorylation is shown to be mediated by calcineurin-dependent activation of slingshot-1L (SSH1L) [14] . As calcium levels are elevated during OGD, we present the hypothesis for the involvement of calcineurin in the activation of slingshot-1L (SSH1L) phosphatase and cofilin during stress. Differentiated PC12 neuronal cells were pretreated for 1 h with different concentrations (50, 100, and 500 nM) of calcineurin inhibitor (FK-506) and Fig. 3 Calcineurin dephosphorylates cofilin during OGD. Differentiated PC12 neuronal cells were pretreated with different concentrations of calcineurin inhibitor (FK-506) for 1 h and then subjected to 1 h of OGD. a The decreased levels of phosphocofilin in OGD were found to be restored with 100 and 500 nM concentrations of the inhibitor. b The bar graph represents the cumulative result of three experiments; densitometric values of the bands were calculated using Image J software. The ratio of phosphocofilin to cofilin levels were plotted against the different treatment groups. The data was expressed as mean±SEM, where p<0.05 was considered significant. *vs 1 h of OGD then subjected to OGD for another 1 h. The decrease in phosphocofilin levels observed during OGD was restored with 100 and 500 nM of calcineurin inhibitor, illustrating clearly the role of SSH1L phosphatase and calcineurin in phosphocofilin dephosphorylation (Fig. 3a, b) .
Cofilin is Upregulated In Cytosolic Fraction and Downregulated in Nuclear Fraction in Primary Cultures of Cortical Neurons Subjected to OGD
We demonstrated that cofilin is activated during OGD and this activation is involved in differentiated PC12 cell death and degeneration. Accordingly, we explored the expression profile of cofilin in mouse primary cultures of cortical neurons subjected to OGD and OGD/R before starting the cofilin silencing experiment. This experiment involved three sets of cultures wherein the first set was the control (no OGD and OGD/R), the second set was subjected to 1 h OGD at DIV 7 and then harvested directly for Western blot analysis (OGD), and the third set was subjected to 1 h OGD at DIV 6 and then 24 h reperfusion before harvesting (OGD/R). Cytosolic fraction analysis showed significant upregulation of cofilin in OGDtreated neurons compared to control neurons (Fig. 4a, b) . Surprisingly, nuclear fraction analysis showed highly significant downregulation of cofilin (Fig. 4c, d) . Furthermore, cofilin levels gradually went back to normal in cytosolic and nuclear fractions of neurons subjected to 24 h reperfusion.
Cofilin Knockdown Prevented Neuronal Death during OGD and OGD/R
Our results in the previous experiments showed that cofilin is highly activated during stressful conditions like oxidative stress and OGD. Therefore, our next hypothesis is that knockdown of cofilin can reduce the impact of its activation during ischemia and enhance neuronal survival. Primary cultures of cortical neurons were transfected with cofilin1 siRNA at DIV 4 using the SilenceMag transfection reagent. In this experiment, three sets of neurons were selected. The first set was transfected with cofilin1 siRNA for 72 h without OGD (control); the second set was transfected with siRNA as in the first, but was subjected to 1 h OGD (OGD); and the third set was transfected with siRNA for 48 h followed by 1 h OGD and 24 h reperfusion (OGD/R). All cofilin1-transfected neurons were compared with scrambled siRNA-treated neurons. Figure 5a and b shows the highly significant reduction of cofilin levels in neurons treated with cofilin1 siRNA 50 nM compared to the scrambled siRNA-treated group. We used higher concentrations of cofilin1 siRNA (100 and 200 nM), but we did not observe a further decrease in cofilin levels (data not shown). In neurons subjected to 1 h OGD (Fig. 5c, d ), the reduction in the cofilin level at 50 nM siRNA was less than that observed in control neurons (cofilin level was reduced to about 67 %). In OGD/R subjected neurons, cofilin1 siRNA at 50 nM reduced the cofilin level to about 60 % compared to scrambled siRNA-treated neurons (Fig. 5e, f) . After successful knockdown of cofilin in the previous experiments, we tested the impact of this knockdown on neuronal viability using the MTT viability assay. Cofilin1 siRNAtransfected neurons showed a significant increase in neuronal viability compared to scrambled siRNA-transfected cells (Fig. 6a) . Cofilin siRNA at 50 nM increased neuronal viability from 25 % to about 60 %. Such an increase in neuronal viability encouraged us to look for signaling pathways and mediators involved in improving neuronal viability in cofilin siRNAtreated neurons. Chua et al. [15] and Posadas et al. [16] showed that cofilin translocation to mitochondria is an important step in the initiation of apoptosis. Accordingly, we tested the localization of cofilin in mitochondrial fractions of neurons transfected with cofilin1 siRNA and subjected to OGD/R. Our results demonstrate that cofilin translocation into mitochondria is significantly reduced in cofilin-silenced neurons (Fig. 6b, c) as compared to scrambled siRNA-treated neurons. It was also shown [16] that cofilin activation during excitotoxicity mediates Bax transclocation to mitochondria, cytochrome C release, and caspase 3 cleavage. Therefore, we tested the impact of cofilin silencing on caspase 3 cleavage in neurons that had undergone OGD/R. It was observed that caspase 3 cleavage is significantly reduced in cofilin1 siRNA-transfected neurons compared to control neurons (Fig. 6d, e) .
Discussion
In the present study, we demonstrated the involvement of cofilin in ischemia-induced neuronal death. This was achieved Fig. 5 Cofilin expression levels in cofilin knockdown primary cultures of cortical neurons. Mouse primary cultures of cortical neurons at DIV 4 were transfected with cofilin1 siRNA (25 and 50 nM) for 72 h and then harvested for Western blot analysis (control). OGD-treated primary cultures of cortical neurons were subjected to 1 h of OGD 72 h posttransfection and then harvested for immunoblotting (OGD). OGD/Rtreated primary cultures of cortical neurons were subjected to 48 h transfection, followed by 1 h of OGD and 24 h of reperfusion, and were harvested for immunoblotting (OGD/R). a, c, e. Representative blots show a decrease in cofilin expression levels in cofilin knockdown in all treatment paradigms (control, OGD, and OGD/R). b, d, f. Graphs represent densitometric analysis of cofilin normalized to α-tubulin as a loading control. Data are expressed as mean± SEM of three independent experiments, where p<0.05 was considered significant. *vs control (scrambled siRNA) using PC12 cells, mouse primary cultures of cortical neurons, and different in vitro stress models: chemical-induced oxidative stress OGD and OGD/R. The expression profile studies demonstrated a decrease in phosphocofilin levels in all models of stress. Using two nonspecific phosphatase inhibitors, FK-506 and sodium vanadate, we showed that cofilin activation leads to neuronal death, and its inhibition rescued differentiated PC12 neuronal cells. Finally, using mouse primary cultures of cortical neurons, cofilin was found to be significantly activated after 1 h of OGD, and after knocking down cofilin by siRNA, neurons showed a significant reduction of cofilin levels in all groups (control, OGD and OGD/R), subsequently rescuing neuronal death. Additionally, cofilin siRNA-reduced cofilin mitochondrial translocation and caspase 3 cleavage, with a concomitant increase in neuronal viability. These results suggest the active role of cofilin in ischemia induced-neuronal death and apoptosis.
Cofilin, an important cytoskeletal protein, is responsible for controlling actin dynamics in a cell. Cofilin functions beyond these regulatory activities are responsible for aberrations in cellular activity. Phosphatases were found to play a key role in the activation of cofilin during ATP depletion states in endothelial cells [17] . This activation, which is an energy conservation mechanism, results in the bundling of actin with cofilin, eventually forming rods and also potentially predisposing neurons to synaptic deficits [18] . Cofilin hyperactivation can also affect the mitochondrial functions by altering the mitochondrial membrane permeability and facilitating the release of cell death mediators like cytochrome C [15] . Furthermore, oxidative stress and ATP depletion states were found to oxidize cofilin and translocate it to mitochondria to induce cell death [8] . Cofilin is essential for neuronal development, which is why complete deletion of n-cofilin resulted in an embryonic-lethal phenotype [19] . Cofilin expression during Fig. 6 Cofilin knockdown increases neuronal viability and reduces cofilin mitochondrial translocation and caspase 3 cleavage. Primary cultures of cortical neurons at DIV 4 were transfected with cofilin1 siRNA for 48 h and then subjected to 1 h of OGD and 24 h of reperfusion. At DIV 7, neurons were harvested and analyzed for MTT assay and also fractionated to get cytosolic and mitochondrial fractions. a Cofilin knockdown with siRNA (25 and 50 nM) and subjecting to OGD/R rescued neuronal death. b Representative blot shows a decrease in mitochondrial cofilin levels in cofilin knockdown neurons as compared to control. d Representative blot of cytosolic fractions shows a decrease in cleaved caspase 3 in cofilin knockdown neurons as compared to the control. c, e Graphs show densitometric analysis of cofilin normalized to α-tubulin in cytosolic fraction and COXIV in mitochondrial fraction used as a loading control. Data are expressed as mean±SEM of three independent experiments, where p<0.05 was considered significant. *vs control (scrambled siRNA) the embryonic phase is slightly higher than that in the postnatal phase [20] . However, cofilin rods were detectable in the brains of normal aging rats, and this indicates that cofilin expression in the elderly is higher and results in cofilin rod formation [18] .
In our studies using PC12 cells, cofilin was found to be hyper-activated by prominent dephosphorylation against the oxidative and OGD insults in a time-dependent manner. The undetectable phosphorylated cofilin levels after 4 h of OGD imply a complete activation of cofilin in response to OGD stress. Moreover, phosphatase inhibitor pretreatment inhibited cofilin dephosphorylation and activation in OGD conditions. This observation was complemented by our immunofluorescence studies, wherein morphological changes in the actin cytoskeleton, and thereby phosphocofilin expression in OGD, was demonstrated. Prominently, marked changes in actin filaments during OGD, such as aggregation of actin filaments in the cell periphery and the intense staining of FITC (green) in these regions, was also noted, confirming the enhanced actin-severing activity of cofilin. This inhibition was also found to ameliorate cell death during OGD. We have also successfully attributed the role of signaling mediators, SSH1L and calcineurin phosphatases, in the dephosphorylation and activation of cofilin in OGD. These results explain the cofilin predominance in ischemia conditions by dephosphorylation, which was mainly mediated by SSH1L phosphatase upon activation by calcineurin. Together, our results implicate that actin cytoskeletal degenerations in cerebral ischemia are mediated by cofilin in vitro and, if subsequently proven in animal studies, targeting this protein could be beneficial in ischemia related neuronal damage.
Cofilin differentially modulates actin dynamics depending on the ratio of cofilin to actin. At low cofilin/actin ratios, cofilin acts to sever actin filaments, whereas at high cofilin to actin ratios, cofilin nucleates actin assembly and stabilizes F-actin [3] . Accordingly, in OGD conditions with low ATP, cofilin stabilizes F-actin and leads to the formation of cofilinactin rods which are neuroprotective, but only transiently because they cause neurite degeneration when the conditions persist for longer durations. In addition to controlling actin dynamics, cofilin also plays an important role in oxidative stress-induced cell death via the mitochondrial mechanism [15, 8] . During oxidative stress, the oxidized cofilin loses its affinity for actin and then subsequently translocates to mitochondria, where it induces the opening of the permeability transition pore and cytochrome C release [8] . Because of the deleterious effects of cofilin during ischemia, targeting this protein could improve neuronal survival and reduce neurodegeneration. Cofilin1 siRNA-treated primary cultures of cortical neurons showed a highly significant increase in neuronal viability compared to scrambled siRNA-treated neurons. The number of viable neurons was approximately doubled in the cofilin1 siRNA-treated group. Along with the increase in the cell survival, significant reduction in cofilin mitochondrial translocation and caspase 3 cleavage was detected in cofilin1 siRNA-treated neurons, and these results are consistent with previously published work [15, 8, 16] . Cofilin dynamics in PC12 cells and primary cultures of cortical neurons showed a differential pattern. In primary cultures of cortical neurons, Western blot analysis showed a significant upregulation of cofilin after 1 h of OGD, an affect which was not seen in PC12 cells. In primary cultures of cortical neurons, nuclear cofilin was observed to be downregulated during OGD, which led us to conclude that nuclear phosphocofilin was activated by dephosphorylation and then translocated to cytosol and subsequently to mitochondria, which is the final destination involved in the induction of apoptosis (Fig. 7) . The translocation of activated nuclear cofilin to the cytosol contributes to downregulation in the nuclear fractions and upregulation in the cytosolic fractions, as observed in our study.
The cytoskeleton of a neuron is the dynamic framework that has a potential to salvage the penumbra (partly viable neurons adjacent to core of the stroke injury) by regeneration, but the presence of certain mediators involved in the regulation outrage this dynamic nature, leading to neurodegeneration. Studies have demonstrated the active involvement of Fig. 7 Cofilin dynamics during ischemia. In normal conditions, a large proportion of cofilin exists in the nucleus and cytosol in phosphorylated form (phosphocofilin). However, during ischemia, nuclear phosphocofilin is dephosphorylated and translocated to the cytosol and then subsequently to the mitochondria, where it induces cytochrome C release and subsequent apoptosis microtubule associated protein (MAP), tau and cofilin aggregations in the progression of disease states such as Alzheimer's and dementia [21] . These neurodegenerative pathologies deteriorate the disease state, and thereby also the regenerative strategies, due to their effect on the cytoskeleton. In addition to this, the cytoskeleton, which forms the major neuron structure, is essential for protein localizations and the transport of molecules between dendrites and axons [22] . Any gross changes associated with the cytoskeleton can immediately trigger necrosis or apoptosis. Supporting this, a study demonstrated that activated AC proteins were found to disrupt the actin cytoskeleton in response to ischemia in renal tubular epithelial cells [23] . Additionally, a recent study revealed the active involvement of cofilin in amyloid β-induced apoptosis and neurodegeneration [24] . These are consistent with our investigations, in which we elucidated cofilin's potential involvement in mediating neurocytoskeletal degenerations in a disease state such as ischemia. In astrocytes, calcineurin, a cofilin-activating protein, was found to be highly upregulated by amyloid β [25] . Furthermore, upregulation of AC and pyridoxal-5′-phosphate phosphatase/chronophin mediate astroglial apoptosis after status epilepticus [26] . In activated microglia, cofilin is involved in the regulation of NADPH oxidase activity [27] and phagocytosis [28, 29] . Accordingly, future studies are warranted to elucidate the role of cofilin in microglial activation and astrocytes during ischemia.
In summary, the question of cytoskeletal aberrations and cofilin involvement was addressed by our current investigations. We have successfully demonstrated cofilin's active role in ischemic conditions, and the cytoskeletal alterations studied by fluorescence methods confirmed cofilin's potential to alter the integrity of filaments in ischemia and thereby facilitate cell death. Furthermore, siRNA technique confirmed the active involvement of cofilin in apoptotic cell death during ischemia. We believe that targeting the actin-binding protein, cofilin, which is a subject of many adversaries and is involved in mediating cell death in ischemia, would be an effective strategy in treating human stroke.
